Curved-wide plate (CWP) tests are frequently used for assessing the quality of pipeline girth welds. Despite a large number of CWP tests having been conducted at great expense over many decades, an industry consensus standard remains unavailable. Considerable effort at several research institutions is focused on the standardization of test protocols.
INTRODUCTION
This investigation was part of a consolidated program of research sponsored by the US Department of Transportation (DOT) Pipeline Hazardous Materials Safety Administration (PHMSA) and the Pipeline Research Council International (PRCI) to advance weld design, establish weld testing procedures, improve assessment methodologies, and develop optimized welding solutions for joining high-strength steel pipe (PRCI Project MATH-1).
The project focused on API 5L-X100 line pipe steel to support the shift towards a strain-based design philosophy for natural gas transmission pipelines. The goal of this portion of the project was to evaluate the toughness and defect tolerance of girth welds and to optimize the girth welding procedures for X100 line pipe. The success of the project rested on the development of finite element (FE) models. Evaluation of FE models depends on well controlled experiments that (1) precisely vary the desired test parameters and (2) either hold everything else constant, or, if that is not possible, then effectively characterize them. An additional goal was the evaluation and standardization of CWP tension testing as a medium-scale fracture mechanics test, simulative of the fullscale condition [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . While a consensus standard is currently not available, recommended practices for CWP testing are available [17, 18] , and the authors were engaged in the development of [18] . Most aspects of the recommended practices were followed in this research, with additional techniques and measurements made to validate test procedures as well as elucidate potential issues that arise while conducting CWP tests. Numerous papers have been written with regard to specific test parameters, measurement methods, data analysis techniques, and finite element analysis (FEA) [4, 9, [19] [20] [21] [22] [23] [24] [25] [26] [27] .
The specimen design has the most significant influence on local strain gradients; detailed information about the strain gradients is necessary to fully characterize the test data and ensure transferability between small-scale tests, CWP tests and fullscale tests. The specimen design presented here considered local constraint, uniform tensile stress in the plates and minimizing the influence of specimen bending from the remote loading conditions. The details of the specimen geometry are provided in the Specimen Design section. The constraint conditions and the transferability of the test data rely heavily on the knowledge of the global strain response to axial loading. The global strain of the pipe is used in design methodologies, but the tensile strain capacity (TSC) of the girth welds is sensitive to local strain gradients. Due to the complex nature of the post-yield behavior of the material in the vicinity of welding-induced flaws, existing tensile strain capacity models rely on experimental data for evaluation [1, 11, 13, [28] [29] [30] [31] [32] [33] .
The properties of modern high-strength steels are typically tailored for specific applications through a wide variety of alloying and thermo-mechanical processing techniques. Additionally, welding parameters and consumable selection are important to the overall pipeline design because girth welds are regarded as the weak link.
Specimen sectioning and preparation for CWP testing can have an influence on the test results. Specifically, the specimen properties can be rendered inconsistent with the parent pipe from which the specimen was taken if sectioning steps are not considered and well controlled. Furthermore, the locations of the test specimens with respect to a reference clock position on the pipe also influence the results. Details are presented in the Specimen Preparation section regarding the design and controls in place for this research.
The Instrumentation Plan section describes the instrumentation used in this research program to measure the crack mouth opening displacements, local strain gradients and global strains. The consolidated program explored several key parameters to including weld design, weld-metal properties, flaw location and geometry and test temperature. Only the details of the flaw location, flaw geometry and test temperature are presented here, with emphasis on the standardization of a test methodology. The reader is directed to previously published details specific to the X100 weld design and weld-metal properties [27, [34] [35] [36] .
The Test Procedure section provides detailed information on how measurements were made, what equipment was used, and specific techniques, as appropriate. Processing the large volume of raw data generated during this research deserves special attention and is elucidated in the Data Reduction section. Reducing digital data required a significant effort in this test program, but was valuable only after post-test evaluation of the specimens. Therefore, residual flaw geometry and morphology information were carefully collected and analyzed for proper analysis with the sensor signal data collected during the tests. In addition to the standard planar measurements made on fracture surface micrographs, this paper presents a three-dimensional technique to capture more detailed information on the residual flaw geometry. The details of the post-test evaluations are presented in the Residual Flaw Geometry section. The objectives of this test program reach beyond measuring relevant data for X100 girth welds. Specifically, several experimental parameters were evaluated to further the knowledge-based necessary for a comprehensive test method standardization effort.
In order to use the test specimens of various scales effectively, one has to understand their useful features and limits. One of the critical questions is the transferability of test results, i.e., how the test results from one scale of test specimen can be correlated to the results of another scale of test specimen. The appropriate analysis techniques applied to the CWP test results will be the subject of a future paper. Based on the current data set from this research, some publications are available that address transferability [35, 37] and initial analysis with respect to tensile strain models [1, [29] [30] [31] 
SPECIMEN DESIGN
This section details the variables associated with the CWP specimens used in this study. Standardization of CWP testing is difficult due to the very wide variety of variables encountered for a test of this scale and complexity. The interaction between the variables and their applicable ranges affects the analysis of CWP test results. Therefore these variables, along with their boundary conditions, need to be explored, identified, analyzed and documented for cross-comparability of CWP tests. Inherent variations of base-metal and weld-metal mechanical properties, including tensile and toughness properties, are critical to the evaluation and application of CWP test results. Documentation of pertinent details must be provided for mechanical properties, in addition to detailed accounting of the test procedure.
The following parameters must be well known and understood for CWP test results of girth welded line pipe to assess transferability of the test data based on scale and constraint:
1. specimen geometry and dimensions; 2. flaw geometry and dimensions; 3. flaw location; 4. mechanical properties of the material in the flawed region; 5. stress-strain response of the material in both the remote region and the flawed region, such as:
• strain-hardening characteristics;
• uniform elongation;
• ductile-tearing characteristics; 6. mismatch of yield-to-tensile (Y/T) ratio and flow strength; 7. weld design; 8. material microstructure.
Test equipment, instrumentation and technical proficiency with mechanical testing, especially at this scale, are necessary to successfully perform CWP tests. Each specimen presents 2
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unique challenges as evidenced in this test program. Approaches to overcome these challenges are detailed throughout this paper.
The line pipe steel used was specified as API-5L X100, with a 689 MPa (100 ksi) specified minimum yield strength (SMYS).
Weld material information and processing parameters are subjects of several parts of the consolidated study [36] . Specific material properties are reported in a report associated with the consolidated project [38] . The two pipe geometries used were a 36 inch (914 mm) diameter pipe with a 19.1 mm (0.75 inch) wall thickness and a 42 inch (1067 mm) diameter pipe with a 14.2 mm (0.56 inch) wall thickness.
A dimensioned schematic of the CWP specimen is shown in Figure 1 ; Table 1 gives the nominal dimensions used for machining the CWP specimens from pipe sections. Two pipes of different diameters and thicknesses were used, but the specimen geometry for each pipe section remained the same.
Only the end-tab offset changed between the two pipes, associated with the difference in wall thickness. The end-tab offset was changed to accommodate the difference in the specimen centroid. CWP testing was done with the assumption that the forces acting on the section mimic a purely longitudinal pipe stress. Hence, end-tab offset ensures that the machine load-line coincides with the centroid of the specimen when the force is within elastic range to avoid bending loads. A detailed discussion of the end-tab welding is found in the Specimen Preparation section, and the specimen alignment in the test frame is discussed in the Test Procedure section. For the purpose of test method development, the influence of weld design, weld parameters and weld material on the results are superimposed on the flaw location, flaw geometry and test temperature. Table 2 details the flaw location, geometry and test temperature for all the tests reported in this program. Readers are encouraged to examine the weld details as part of the research program associated with this work [34] . The depth was selected to be relevant to the height of weld passes. The height of one weld pass is in the range of 2.5 mm to 3.0 mm. Therefore the initial flaw depths were chosen with consideration to the height of either one or two weld passes. The dimensions of the surface breaking length were chosen with the following considerations:
(a) the lower bound length was selected so (1) it was detectable by typical non-destructive testing (NDT) methods and (2) was not smaller than the repair threshold for strain-based design, (b) the upper bound length was selected so that the surface breaking length was less than 20 % of the plate width, and (c) finally, FEA was done prior to testing and used to select flaw geometries that kept the strain capacity for the tests between 1 % and 4 % global strain. 
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SPECIMEN PREPARATION
Specimen preparation supported the implementation of the specimen design, and further defined a system and method for sizing and locating the defect relative to the weld. Diligent specimen preparation ensured that parameters critical for model input were well controlled or characterized.
Specimen extraction from the welded pipe sections was accomplished by saw cutting blanks with center lines marked according to the reference clock positions detailed in Table 2 . Saw cutting the blanks eliminated any thermal influence to the residual stresses in the blanks. Notably, there were blanks that twisted slightly upon extraction. Girth welded UOE pipe sections have offset seam welds and a 12:00 reference was arbitrarily chosen to coincide with one of the seam welds. Additional research is necessary to evaluate how this arbitrary choice impacts the results of tests in the HAZ. Furthermore, the location of the notch placed in the HAZ was a function of the local pipe misalignment. An idealized schematic of the HAZ notch location is shown in Figure 2 and an exaggerated illustration showing misalignment of the pipe is provided in Figure 3 . In all cases, the HAZ notch was placed on the "lower plate" (see Figure 3 ) side of the girth weld; it is supposed that the arbitrary selection of clock position may have an influence on the results, since the properties of the pipe base-metals are known to be influenced by clock position. The reference to which pipe section was used to select the clock position was lost, once blanks were cut, an oversight that should be remedied in future research. Each girth weld was inspected for flaws and the exact clock position for each blank was chosen to avoid flaws; where possible, duplicate clock positions were chosen.
The blanks were saw-cut to length, ensuring that the girth weld was located at the midline. The ends were beveled for welding to the end-tabs, at first by hand grinding, and subsequently by milling the ends to ensure a consistent bevel. The net shape of each specimen was milled in a one-setup operation. The slight twisting observed in some blanks remained in the final specimen due to the machining setup. The blanks were rigidly clamped to the table of the milling machine with the centerlines aligned with one axis of the milling machine. Consistency between specimens was maintained with this process, and the edge finish was excellent compared to other methods of sectioning/machining. With the exception of minor surface preparation, the specimens tested were as close to the as-received/as-welded condition as possible. Only loose scale and corrosion were removed with a wire wheel. Additional surface cleaning was done on two specimens to accommodate the installation of a photo-elastic film, as detailed in the next section. Thermocouple and strain gage installation sites were locally sanded to expose the basemetal to accommodate their installation. Thermocouples were spot-welded to the surface of the specimen; a clean surface was required for the spot welds. Each linear variable differential transformer (LVDT) was attached to the specimen using a capacitive discharge (CD) stud welding gun, with threaded studs being attached to the specimen. The specifics of the instrumentation are provided in the next section.
The installation site for each stud also required local sanding to the base-metal. The weld caps were not altered except to locally remove the weld-cap in close proximity to the notches and for notching the specimens.
Specimen preparation, measurements, and layouts were done prior to welding the end-tabs to the specimen because each specimen weighed approximately 34 kg (75 lb) without endtabs and weighed approximately 340 kg (750 lb) with end-tabs. With end-tabs installed, the specimens were over 2 m (≈ 7 ft) long.
The edges of each specimen (where the edges were intersected by the girth weld, except BM-RT and BM-LT specimens), were polished and etched with a 4 % nital solution. The resulting surface resembled the illustration found in Figure 2 and it was relatively easy to use that surface to locate the HAZ and WMC notches. A scribe line on each edge, extending to the inside diameter (ID) surface of the specimen on both sides, was used to construct the reference line used for the notch location at the center of the specimen. The line constructed in this manner was square to the specimen edge for all specimens confirming the sectioning procedure of the specimen from the pipe section. It is important to note that not all ID cap welds were perfectly symmetric about the WMC line, as determined from the etched surface; therefore, using the center of the weld-metal cap is not an appropriate method for locating notches prescribed as WMC. The axial centerline of the specimen was also scribed and the intersection of the two lines represented the correct placement of the notch. The WMC scribe lines on each specimen edge were used to identify the mid-gauge position and all instrumentation was laid out according to the WMC as the reference.
Two different notching procedures were used; initially, a slitting saw was used on three specimens (BM-RT, CWP-16 and CWP-03), with the remaining specimens notched using a sinker electric-discharge machining (EDM) technique. With custom EDM electrodes, the EDM flaws were more accurate, faster to produce and ultimately less expensive. All but five specimens in the test matrix were fatigue pre-cracked after the EDM starter notches were created. The EDM notch was machined with two different electrode thicknesses to provide a notch wide enough to accommodate clip gage installation while still having a small root radius at the notch tip. The fatigue pre-cracking was conducted in bending on each specimen according to our previously published procedure [39] . The weld-metal cap near the notch was removed by EDM. The contour of the "upper plate" (see Figure 3 ) was used as a reference and the EDM electrode matched that contour to remove the weld cap. The width of the removed weld cap was slightly larger than the surface breaking length of the notch. A post-test photograph of a tested notch can be seen in Figure 4 . Careful consideration must be given to how the EDM datum is made and, more importantly, how it is used as a reference for flaw geometries. This issue will receive detailed attention, as it is important for correct data reduction and analysis of the residual flaw geometry.
Physical measurements of the specimen were taken for data analysis and test reporting. The overall length of the specimen was measured; the prismatic reduced section length was also measured and recorded along with the chord width of the prismatic section. Lastly, the specimen thickness was measured and recorded. Multiple measurements were taken and the average was reported as appropriate for each dimension.
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Contribution of an agency of the U.S. government, not subject to copyright. Initial notch depth will receive special attention here since it proved to be a difficult measurement to make and the accuracy of this measurement is critical to the final analysis of the test. Selecting the appropriate datum for the measurement of the initial notch depth will ameliorate significant errors. Users are cautioned to never use the prescribed notch depth provided to the machinist as the initial notch depth, because the reference datum for machining may differ from the reference used for data analysis. The differences are apparent in the exaggerated illustration in Figure 3 ; specifically, the machinist may typically use the best available reference for the measurement. Since each specimen may have slight misalignment at the notch location, it is easier for the machinist to use the EDM surface, like that shown in Figure 4 as a reference. This of course will result in variable starter notch geometries. However, with careful measurement of the initial notch with respect to the "lower plate", the fatigue pre-crack can be grown to a consistent length. Test specimens without fatigue pre-cracks deserve the same diligent measurement method.
Several methods to determine the initial notch depth were explored in this test program. Silicone replicas proved to be slow to execute, inconsistent in penetration (without vacuum) and resulted in inconsistent and inaccurate depth measurements. Inserting a shim and scribing a line coincident with the EDM surface, and then optically measuring the distance from the edge of the shim to the line, proved to be accurate but inconsistent and did not account for the plate mismatch. Depth gauges were too thick to be inserted correctly in the bottom of the notch. The preferred method is the following: a digital height gage was placed on the ID surface of the "upper plate" and the readout was zeroed with the arm contacting the surface of the "lower plate". A disk shim (25.4 mm diameter and 0.2 mm thick) was inserted into the notch and the height gauge arm was lifted to contact the edge of the disk shim; the reading subtracted from 25.4 mm was the initial notch depth as referenced from the "lower plate". This method resulted in both accurate and consistent depth measurements, in addition to accounting for the plate misalignment. An alternative method is to place the digital height gage on the "lower plate", zero the reading, and insert the disk as before. In order to capture the misalignment, another measurement against the surface of the "upper plate" is required. The later two methods can be interchanged with equally accurate results. Difficulty with measuring notch depths from the surface of the plate will also be discussed in the Residual Flaw Geometry section.
Once the specimens were prepared, notched, and fatigue precracked, they were welded to the end-tabs. The end-tabs were machined from HSLA-100 plates. The design of the specimen shoulders, bevel, and the weld parameters were determined to eliminate the possibility of grip failure during the test. Detailed welding procedures can be found in a previously published report [35] .
The two different pipe wall thicknesses required different endtab offsets to ensure axial load-line alignment and avoid bending moments in the specimen induced by the gripping method. The centroid positions of the test gauge section determined the end-tab offset as well as the alignment of the specimens for welding; the centroids of both specimen crosssections are shown in Figure 5 .
The specimen end-tabs were designed to work with pinned clevis type grips attached to the load cell and actuator of the test frame. The pin diameter was 5.0 in (127 mm); each grip tab was located in the clevis grips so that the specimen centroid was co-linear with the load-line center of the test frame. Pin loaded grips were chosen over a fixed (clamped) gripping mechanism due to the high cost of clamped style gripping mechanisms capable of transferring the full force capacity of the load frame to the specimen. The full force capacity of the test frame was 4.4 MN (1 Mlb). Ultimately, the strain distribution in the specimen will determine the adequacy of the gripping mechanism. It was found in this research that the pin loaded gripping arrangement was acceptable for this specimen geometry. 
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INSTRUMENTATION PLAN
This section of the paper describes an extensive array of instrumentation that was employed to determine the local and global strain behavior as well as the flaw growth behavior of the specimens. Despite careful specimen design and preparation methods, the uniform tensile strain response needed to be well characterized for calibrating the models.
Photo-elastic film was used with several room-temperature tests to visually capture the strain behavior. The result was nonuniform strain in the upper and lower plates as well as nonuniform strain on either side of the axial center-line of the specimen. To quantify this behavior, strain gages were installed to measure local strain at certain locations. The strain gages had a gauge length of 0.25 in (6.35 mm); these gages were used in conjunction with LVDTs. The LVDTs were installed over much larger gauge lengths to determine the average remote strain and to also evaluate the amount of bending that occurred in the specimen as a result of the test configuration. A clip gauge to measure crack mouth opening displacement (CMOD) was used to determine the amount of flaw growth, to detect tearing, and to characterize crack tip blunting during the test. When applicable, temperatures were measured with thermocouples that were spot-welded to the specimen surface. Finally, the data acquisition systems are discussed in this section.
The instrumentation layout schematic shown in Figure 6 indicates the location of 15 strain gage "T" rosette pairs (30 gages total), 6 LVDTs and their associated end points, thermocouples, the photo-elastic film, and a CMOD clip gauge.
Each of the lettered locations A -O, shown in Figure 6 , corresponds to a "T" strain gage rosette. The thermocouples are shown as circles on the ID surface but are installed in the same pattern on the outside diameter (OD) surface for subambient temperature tests.
Photo-elastic film is a birefringent plastic that can be used to visualize the strain of a component. This method is frequently used to verify analytical models and identify locations of interest that may warrant quantification with additional instrumentation. Quantification of strains using photo-elastic film on a large curved surface is difficult but possible. However, the goal here was to apply the technique and quickly visualize the strain gradients in the specimen; therefore, calibration of the fringes and colors was not performed. A specimen loaded to 3.6 MN in the test frame was photographed and is shown in Figure 7 . In this photograph, the photo-elastic film can be seen together with the polarizing sheet installed over the specimen surface. The non-uniform strain distribution is obvious in this photograph, justifying the extensive array of instrumentation used in the test program. A summary discussion of non-uniform strain distributions has been published previously [5] ; together a more comprehensive analysis of the strain distributions found in this CWP test program will be included in a future publication. Quantification of the non-uniform strain distribution is the motivation for the use of strain gages. Fifteen strain gage locations were chosen to map the strain distribution on both the ID and OD surfaces of the specimens. The locations remained consistent throughout the test program so that comparisons between specimens could be made. Future research will make use of 3D Digital Image Correlation (DIC) equipment to accomplish the same with an improved field of view and the
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ability to quantify strains at any location on the specimen surface.
Each strain gage location included two single grid strain gages installed together to create a "T" rosette. Strain data were therefore collected in the axial direction and the transverse direction at each location. The transverse strain gages were installed to evaluate the extent of specimen flattening, as the test progressed.
Four of the six LVDTs had the same gauge length (203.2 mm) and were installed on the ID and OD surfaces of the specimens as shown in Figure 6 . The off-center location of the LVDT mounting studs was chosen to maximize the gauge length of each LVDT while still remaining within regions of expected uniform strain.
In contrast, LVDTs placed along the axial centerline of the specimen would have smaller gauge lengths. Two longer LVDTs were installed on the side-edges of each specimen and had a gauge length of 406.4 mm. The mounting stud locations for those two LVDTs were transversely coincident with the mounting stud locations of the other four LVDTs. This effectively doubled the gauge length of the LVDT measurement, provided that the specimen experienced no significant bending while loading.
Crack mouth opening displacement (CMOD) gauges were used on each specimen to measure the amount of notch-mouth opening displacement experienced while loading. Early tests with long surface breaking flaws (2c > 30 mm) used three CMOD gauges to monitor the symmetry of the notch mouth opening but were reduced to one CMOD gauge when symmetry was verified. Furthermore, three CMOD gauges would not fit on the smaller flaws. The CMOD gauges were all strain gage based, full-bridge, ring-style gauges as shown in Figure 8 . The notch teeth were designed to engage the inside faces of the notch, eliminating the need for external knife edges.
An idealized schematic of the clip gage installed in the notch is shown in Figure 9 . The engagement length of the clip gauge teeth is 0.025 in (0.6 mm). A consistent and positive engagement of the clip gage was aided by a 0.5 mm thick spring steel shim pushing on the back-side of the clip gauge. The importance of machining the notch and removing the weld cap accurately is evident when using this style of clip gage and notch tooth engagement. 
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Twenty-three of the thirty-five specimens in this test program were tested at sub-ambient temperature (-20 ºC or -40 ºC). For tests designated for these temperatures, ten thermocouples were spot welded to the specimen on the ID and OD surfaces of the specimen. Two layout patterns were used throughout the test program. The first pattern consisted of equally spaced thermocouples across the diagonal of the specimen on each surface. Due to the location of the notch, the center thermocouple was placed 50 mm above the mid-gauge length on the OD surface and 50 mm below the mid-gauge length on the ID surface. This pattern formed an "X" pattern between the OD and ID thermocouples. This pattern was determined to be unnecessary due to the uniformity of the environmental chamber. For the second pattern, all thermocouples were placed along the axial centerline of the specimen. The mid-gauge thermocouples were still placed 50 mm above and below the mid-gauge line on the OD and ID surfaces, respectively. The remaining thermocouples were positioned at 250 mm and 500 mm above and below the mid-gauge line. Additional details of controlling the specimen temperature are given in the Test Procedure section. Carefully controlling the temperature using multiple thermocouples was necessary to remove or reduce variability in the strain response due to temperature, and was used in validating the models. Two data acquisition systems were used in the test program. The first system used a combination of commercially available data acquisition hardware and custom programmed data acquisition software; the second system was the data acquisition system internal to the test frame controller. The 
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first system combined the analog sensor signals and thermocouple signals while recording them via a common software program. The data acquisition rate was 20 Hz and the system recorded each signal simultaneously. The force, displacement and CMOD gage signals were output from the test frame controller to the external data acquisition system so that all the test data were synchronized with time. A data flow schematic is shown in Figure 11 .
The test frame used at NIST was a fixed upper-crosshead, bottom-actuated servo-hydraulic system. The frame and actuator are force-rated to 4.4 MN (1 Mlb). The displacement (actuator movement) measurement is taken from the servohydraulic control system, which is connected to an LVDT. The LVDT is directly connected to the bottom clevis grip and gives an accurate record of actuator/grip position. The force measurement is taken from the servo-hydraulic control system, which is connected to a quad bridge canister-style force transducer rated for 4.4 MN (1 Mlb). The load cell is connected to the fixed upper-crosshead. 
TEST PROCEDURE
The details presented earlier in this paper do not necessarily follow a chronological progression. Simply stated, the steps in chronological order follow: End-tabbed specimens were strain gaged and wired with frequent installation verification at each step while on the bench. Troubleshooting and repairing strain gage installations
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while the specimens were installed in the test frame was difficult and time consuming.
After the strain gages and thermocouples (as required) were installed, the specimens were loaded into the test frame by use of an adjustable counterbalance beam and an overhead crane. The specimens were inserted into the upper clevis grip and pinned. The counterbalance beam was then removed and the rest of the installation continued. A photograph showing the upper grip installation is seen in Figure 12 . Strain gage and thermocouple wires were carefully bundled during specimen installation to avoid damage.
Strain gage and thermocouple wires were routed to their respective conditioners and the LVDTs were installed on the threaded studs as close to the specimen surface as physically possible. LVDT wires were also routed to their respective conditioners. Lastly, the CMOD gauges and spring retainers were installed into the notches and connected to the test frame controller. Every sensor signal was verified at this time and corrections were made as necessary.
Specimens that required cooling were fitted (top and bottom) with copper cooling blocks to better control the thermal transfer from the specimens to the end-tabs, resulting in minimal thermal gradients along such a long specimen gauge section. The arrays of copper blocks were clamped to the OD side of the specimens and coupled to the specimens with copper-based thermal transfer grease. The copper blocks were cooled with a separate feed of liquid nitrogen (LN2). An array clamped to a specimen shoulder can be seen in Figure 13 .
The actuator connected to the lower clevis grip was raised into position to pin the specimens into the lower grip. The end-tabs were slotted to accommodate actuator motion and make pin installation relatively easy. Shims were installed over the clevis pins, between the end-tabs and the inside surface of the clevis grips. The shim thickness was determined by the centroid location of the gauge section to ensure that the centroid was coaxial with the load-line of the test frame. After the correct shim distance was set on the ID side of the specimen, filler shims were placed on the OD side of the specimen to prevent the specimen from moving out of alignment during loading.
All of the signals were zeroed at this point and the data acquisition system was armed. A pre-load of 13.3 kN (3000 lb) was applied to each specimen prior to testing. The pre-load was maintained in force-control until the test began. For subambient temperature tests, force-control allowed the actuator to move adjusting for specimen contraction. A LN2-cooled environmental chamber (see Figure 14) was installed around the specimens to provide the primary cooling and soaking of the specimens. Cooling was achieved with LN2 metered into the environmental chamber and was controlled by the chamber's PID (proportional -integral -derivative) controller. The chamber used an integral thermocouple that was not connected to the specimens. Additional circulation fans were installed in the chamber, further reducing thermal gradients in the specimen. A cooling rate was not specified; however, post-test analysis of the cooling data showed that most specimens were cooled at an average rate of 1 °C/min. More important was to control the upper and lower cooling blocks to maintain a temperature differential between all ten thermocouples of ±3 °C or less. Maintaining this differential during the cooling cycle made it easier to maintain the differential during the hold/soak period and throughout the duration of the test. Specimens were cooled to -20 ºC or -40 ºC (see Table 2 ); the hold/soak time at each temperature was a minimum of 5 minutes, after all thermocouples were within the specified range.
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Contribution of an agency of the U.S. government, not subject to copyright. All specimens were loaded according to the same profile. The loading profile mimicked that of a single-specimen small-scale fracture toughness test, e.g., multiple unloading cycles. The goal of the loading profile was to acquire unloading compliance data throughout the test, which was used to determine the instantaneous crack depth. The specimens were loaded in tension at a displacement-controlled rate of 6.00 mm/min (0.24 in/min). Specimens were cycled in the elastic regime with a minimum of six unloading cycles, each with progressively higher loads between 10 % and 80 % SMYS. In this elastic regime, load limits were used to trigger the unloading and loading ramps. The upper triggers incremented by 222 kN (50 kip) and the lower load triggers were 20 % of the upper trigger. Beyond the yield point, the specimens were unloaded in displacement-control by relative change in force of 890 kN (200 kip) and then reloaded in displacement-control with a relative change in force of 800 kN (180 kip), at which point displacement limit triggers (2.0 mm) determined the start of the next unloading cycle. This cycle was repeated until one of several end-of-test conditions was met. Figure 15 is a graphic representation of this unloading and reloading cycle past the yield point of the specimens. The end-of-test determination was different for early CWP tests. One goal of this test was to capture the onset of ductile tearing and then evaluate the ductile tearing characteristics. It was desired to continue all the tests past the maximum applied force. However, most of the specimens had very flat Force vs. CMOD and Force vs. Displacement plots at or near the maximum force, making it very difficult to determine whether the maximum force had been reached. The tests were programmed to stop automatically if the force dropped below 80 % of the maximum force applied to the specimen. A manual stop condition was also provided to the test operator monitoring the CMOD vs. Displacement plot. As this real-time plot approached a vertical asymptote, it was apparent that very little displacement was necessary for large increases in the CMOD signal, indicating gross tearing, with the specimen approaching the point of unstable collapse. The test was terminated before complete specimen rupture for all but two specimens. The two complete failures were unexpected and ultimately resulted in an improvement in the end-of-test criteria, namely, the close monitoring of CMOD vs. Displacement data. Figure 16 shows a plot of data representative of many CWP tests. This specimen (CWP-11) failed unexpectedly. It is clear in the plot that the CMOD data reached a vertical asymptote; however, these data were not monitored during the test. Real-time monitoring of CMOD vs. Displacement data immediately became part of the procedure after this specimen failed.
Figure 16. Force-Displacement and CMOD-Displacement relation (CWP-11).
End-of-test conditions can also include limit triggers on the absolute value of the CMOD signal, but these values will be different for each flaw geometry and flaw location. Alternatively, a relative change value in the CMOD signal can also be used as a limit trigger to end the test. Even with finite element (FE) models of a specific specimen test configuration, setting the end-of-test condition may still require an iterative process consuming several specimens to set the limits at the appropriate values.
Complete specimen rupture in this test program should be avoided for two reasons; first, the stored elastic energy of these specimens at near-maximum force levels has the potential to dynamically damage test frame components and instrumentation; and second, the specimen (lower half) is difficult to remove from the test frame.
At the conclusion of the tests, all of the instrumentation was disconnected and removed from the specimens. Specimens tested at sub-ambient temperature were allowed to warm to room temperature naturally while keeping the environmental chamber closed to avoid condensation on the fracture surfaces. Specimens were removed from the test frame and prepared for sectioning. The first step in specimen sectioning was to remove the endtabs (which were re-used in subsequent tests) by use of a metalcutting circular saw. Each of the gauge sections were then band-saw cut to quickly remove material and isolate the flawed girth weld. The sectioning schematic in Figure 17 illustrates where saw-cuts were made in preparation for EDM sectioning and fracture surface liberation. An EDM wire was used to expose the axial center surface, thereby separating the illustrated section into two parts. The smaller "tab" remained at the EDM shop for additional slices and the larger section was returned to the lab to liberate the fracture surfaces. More detail on the EDM slices is given in the Residual Flaw Geometry section of this paper.
The "half-flaw" sections were cooled in LN2 and the fracture surfaces were exposed by bending. A band-saw was used again to remove additional material, with remaining blocks marked for storage and placed in desiccated storage chambers awaiting post-test analysis, which is detailed in the following sections.
DATA REDUCTION
Raw data files collected from each test were evaluated to determine whether the data set was valid. The first verification was a review of the complete data set to explain anomalies such as dropped channels. Second, the raw data scaling values stored in the header of each raw data file, used for engineering unit conversions, were verified. Incomplete data records or channels with data loss were examined to determine the cause of the problem. Some tests had channels dropout as the test progressed; for example, strain gages failing, thermocouples failing or the CMOD gage popping out of the notch on early tests, caused a loss of valid data. These issues were noted for each data set, and when necessary and possible, the data set was corrected.
All signals were monitored during the test to determine whether the test must be stopped because a critical channel had been lost. For example, CMOD gages popped out of the notches on a couple of early tests; those tests required a re-start after the gauge was replaced. CMOD and force were the only two critical channels that would force an end to the test if the signals were lost.
Data reduction began with engineering unit conversions for each channel in the raw data files. Calculated channels such as strain from LVDTs and stress from the force signals were then computed and saved.
Evaluating TSC from these CWP results is the subject of a previously published report [1] , and a more comprehensive analysis of the test results will be reported in a future paper.
RESIDUAL FLAW GEOMETRY
This section details several methods of examining residual flaw geometry used during this CWP testing program. Some of the methods were available at the start of the program and other methods became available late in the test program. Therefore, not all the methods described here were used on every specimen. Residual flaw geometry was tracked to validate model predictions.
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The residual notch openings for each specimen were photographed prior to EDM sectioning. The post-test residual crack mouth profile provides an indication of the plastic deformation surrounding the flaw. Each specimen was photographed with a high resolution digital single-lens reflex (DSLR) camera with a macro-lens normal to the ID surface of the specimen. A consistent camera set-up with calibration scales was used so that measurements from the photographs, and therefore direct comparisons between specimens, could be made. Figure 18 is a representative photograph of a residual crack-mouth profile. From this photo, the profile can be mapped and the dimension (x-y) data tabulated. Note that the effect of weld-reinforcement on the residual geometry is expected to vary with initial flaw geometries and requires further attention. Referring to Figure 17 , the fracture surfaces liberated by bending the LN2-cooled "half" of the CWP section were photographed using the DSLR camera with a macro-lens mounted to an adjustable bellows. The photographs were taken normal to the fracture surface. This set-up allowed consistent photographs of the fracture surfaces that were calibrated with traceable reference scales, while also allowing the set-up to be adjustable enough to accommodate varying sizes of fracture specimens. This configuration also allowed researchers to setup for the photos over a rather lengthy research program spanning many months, without requiring the apparatus to remain set up. For each specimen, both sides of the liberated fracture surfaces were photographed, which was especially important for observation of flaws located in the HAZ of the welds.
Each photograph was then archived and used later for obtaining dimensional data. A representative photograph of the fracture surfaces is shown in Figure 19 . The initial EDM notch surfaces, fatigue pre-crack, stable crack growth and cleavage regions are obvious. These photographs can be readily used to determine the initial crack depth, a 0 , and final crack depth, a f , necessary to fully characterize the results of the force and CMOD data. Recalling that the initial crack depth uses the "lower plate" (see Figure 3) as the measurement reference, it is important to note that image measurements from the EDM surface (coincident with the ID of the pipe, and adjacent to the steel scale) shown in the photograph must be compensated by the height difference measured earlier. Planar measurements taken from the fracture photographs are the standard method used in many small-scale fracture mechanics tests. However, these photographs alone should not be used in evaluating CWP tests. The photographs do not confirm the notch placement nor do they capture the fracture path.
When evaluating CWP tests with notches placed in the HAZ, the notch and fatigue pre-crack placement must be confirmed with metallographic images of the residual flaw perpendicular to the girth weld. Referring to Figure 17 again, the axial planes representative of the EDM slices provide this perpendicular view. The planes representing the EDM slices are oriented axially and radially; ie., the EDM slices were normal to the ID surface of the specimen. The center-most surface is the most critical. However, it should not be assumed that correct placement in the HAZ is uniform across the entire crack front.
To verify the initial notch placement across the entire crack front, additional slices can be examined. For the specimens examined in this research, three equally spaced slices were sectioned with the EDM. The slice width is a function of the surface breaking length of the initial notch and therefore Cleavage Stable growth Pre-Crack EDM Notch changed between specimens. These slices provide three views of the notch and crack placement as well as the crack path. Each slice was mounted and polished to 1 μm roughness and etched with a 2 % nital solution to reveal the microstructure. Each slice was examined with an optical microscope to accurately determine the placement of the initial notch and fatigue pre-crack and to examine the final crack shape noting the crack path. Each mounted slice was also scanned on a high-resolution flatbed scanner to obtain a macro-view. Representative examples of the metallography are shown in Figure 20 and Figure 21 . During the research program, a 3D laser scanner became available to examine the residual flaw geometries. Similar to the photograph of CWP-12 shown in Figure 18 , the laser scanner was able to scan specimens and obtain 3D point cloud data of the crack mouth profile. A representative scan of the CWP-12 specimen is shown in Figure 22 . While the views of Figure 18 and Figure 22 appear identical, the data obtained from the laser scanner include an additional dimension providing more information about the residual plastic deformation immediately surrounding the crack mouth that is lost with normal photography. Furthermore, the laser scan data can be exported to 3D modeling software. Specimens that were already sectioned by EDM, and the surfaces already liberated for other photographic methods, could still be scanned and reconstructed using the 3D laser scanner. For example, CWP-18 (3mm x 50 mm -HAZ) was one of the specimens that completely ruptured in the test frame. Those surfaces were photographed and they were also scanned. The results of both scans are shown in Figure 23 . The 3D laser scanning system has the ability to reconstruct failed components using point cloud data from multiple surfaces. Specific and consistent methodology is still being developed to reconstruct CWP test specimens using the 3D laser scanner. While the results will require considerable validation, the technique may prove valuable for future CWP testing analysis. Independent scans of each side of the fracture surface can be digitally reconstructed. A reconstructed view of CWP-18 is shown in Figure 24 .
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CONCLUSIONS
This paper presents the procedural details of a CWP test program conducted on X100 girth welded line pipe, which is part of a consolidated research program aimed at developing optimized welding solutions for X100 line pipe steel. Most aspects of the available recommended practices were followed, with additional techniques and measurement methods presented here to validate test procedures as well as to elucidate potential issues with assumptions used in TSC modelling. Specifically, the most significant contributor to the TSC variation is the strength variation in the pipes. A small variation in the strength transfers to a large variation of the measured remote strain even when flaw behavior is essentially the same [1] . Asymmetric strain behavior documented in this paper can be attributed to variations in material properties, specimen design attributes, test procedure attributes or a complex combination of the same. A detailed analysis of the data resulting from this test program will be the subject of a future paper.
The global strain of the pipe is used in design methodologies; however, the TSC of the girth welds is sensitive to local strain gradients. TSC of the girth welded line pipe must account for the material properties of the base-metal and weld-metal. It was also the goal of this CWP test program to explicate the influence of specimen geometry, flaw geometry, flaw location and test temperature on the TSC analysis. Methods to measure global strains and validate those measurements with respect to local strain gradients have been presented here. Additionally, particular attention was given to initial flaw geometry and flaw placement; the methods of validating the measurements and locations were also presented here. Transferability of test results between other small-scale tests, CWP tests, and fullscale tests requires a highly consistent and carefully designed test method with the details of all test parameters being documented for complete analysis. Analysis of the fracture morphology by planar photographic methods and 3D laser scanning capabilities will be the subject of future work.
